ANALYSIS OF
METAL-LINED

NATIONAL AERONAUTICS AND SPACE ADMINIS?QKQCI'}ON A N

NASA CR-72599
AEROJET 3788

FILAMENT-WOUND DOME AND POLAR BOSS OF
GLASS-FILAMENT-WOUND PRESSURE VESSELS

CASE
by '
nd Eﬁ:{.ﬂmﬁorrisC 0

R.E. Landes a

AEROJET-GENERAL CORPORATION

repared for
A QB d iU T 5%
5 4

N
A=Y

"
L
AR

NASA Lewis Research Center
Contract NAS 3-10289

James R. Barber, Project Manager

I n
573 A'i“i.? 19 o <1
e £ 2 (=p




NOTICE

This report was prepared as an account of Government-sponsored
work, Neither the United States, nor the National Aeronautics and
Space Administration (NASA), nor any person acting on behalf of
NASA:

A.) Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this report,
or that the use of any information, apparatus, method,
or process disclosed in this report may not infringe
privately-owned rights; or

B.) Assumes any liabilities with respect to the use of, or
for damages resulting from the use of, any information,
apparatus, method or process disclosed in this report.

As used above, ''person acting on behalf of NASA'" includes any
employee or contractor of NASA, or employee of such contractor,
to the extent that such employee or contractor of NASA or employ-
ee of such contractor prepares, disseminates, or provides access
to any information pursuant to his employment or contract with
NASA, or his employment with such contractor.

Requests for copies of this report should be referred to

National Aeronautics and Space Administration
Scientific and Technical Information Facility
P. O. Box 33

College Park, Md. 20740




NASA CR-172599
AEROJET 3788

TOPICAL REPORT

ANALYSIS OF FILAMENT-WOUND DOME AND POLAR BOSS OF
METAL-LINED GLASS-FILAMENT-WOUND PRESSURE VESSELS

by

R. E. Landes and E, E, Morris

AEROJET-GENERAL CORPORATION
Structural Composites Department
Mechanical Systems Operations
Azusa, California

prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

January 1970

CONTRACT NAS 3-10289

NASA ILewis Research Center
Cleveland, Ohio
James R. Barber, Project Manager
Liguid Rocket Technology Branch







FORENORD

This report was prepared by the Structural Composites Department of
Aerojet-General Corporation under National Aeronautics and Space Administration
Contract NAS 3-10289 ("Cryogenic Filament-Wound Tank Evaluation"). This topi-
cal report covers analysis of the filament-wound dome and polar boss of metal-
lined glass-filament-wound pressure vessels, as well as complete vessel designs
developed under the contract. The work is under the direction of the NASA,

Lewis Research Center, Liquid Rocket Technology Branch; James R. Barber is the
Project Manager.

Approved by:

c,/
D.E. Deutsch, Manager
Structural Composites Department
Mechanical Systems Operations

iii







ABSTRACT

ANATYSIS OF FILAMENT-WOUND DOME AND POLAR BOSS OF
METAL-LINED GLASS-FILAMENT-WOUND PRESSURE VESSELS

by

R. E. Landes and E. E. Morris

Structural analysis of an aluminum-lined glass-filament-wound pressure
vessel was conducted. Pressure-vessel design criteria were reviewed, and fila-
ment strength levels and the vessel configuration were established using netting
analysis of the membrane, discontinuity analysis of the dome-to-cylinder junc-
tions, and wrap-pattern calculations. The vessel's dome was characterized and
a discontinuity analysis of the polar boss region was completed. Axial polar-
boss design concepts were reviewed, and detailed structural analyses of two

configurations were carried out. Then the polar-boss designs were incorporated
in the membrane analysis.
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I. SUMMARY

Structural anglysis was conducted of an aluminum-lined glass-filament-
wound pressure vessel which included a conventional membrane analysis, a dis-
continuity analysis of the dome-to-cylinder juncture, and a special analysis
of the domed ends of the pressure vessel in the vicinity of the axially
located polar boss. Pressure-vessel design criteria were reviewed, filament
design strength levels established, and the vessel configuration was estab-
lished from netting analysis of the membrane (which included provision for the
netal liner), discontinuity analysis of the dome-to-cylinder Juncture, and
wrap pattern calculations. The dome was characterized using both netting
analysis and orthotropic analysis, to establish its elastic properties, deflec-
tions, rotations, and strains when subjected to internal pressure and boss re-
action loads. A discontinuity analysis of the vessel dome at the polar boss
was conducted by considering the filament-wound composite in this region as a
ring plate. Axial polar-boss design concepts were reviewed, and detailed
structural analyses of two selected configurations are presented. The polar-

boss designs were then incorporated into the membrane-snalysis pressure-vessel
designs.




1T, INTRODUCTION

Much work has been conducted by NASA to develop and evaluate metal-lined
glass-filament-wound vessels for cryogenic operation in propulsion and space-
craft systems. The objective of Contract NAS 3-10289 ("Cryogenic Filament-
Wound Tank.Evalua%ion") is to demonstrate the feasibility of producing closed-
end, cylindrical, glass-filament-wound pressure vessels with thin aluminum
liners for operation in the +75 to -423°F range. Designs for metal-lined glass-
filament-wound vessels 12 in. in diameter and 18 in. long, with a burst pressure
of 3000 psi at T5°F, are being developed, as well as processes for fabricating
thin (0.0L0-in.-thick) aluminum liners, for providing joints in the liner hav-
ing the necessary properties, and for providing a bond between the liner and
the filament-wound composite. The effectiveness of the designs and processes
willl be demonstrated and evaluated by fabricating and testing vessels at +75,
-320, and -423°F.

The pressure-vessel membrane design method being used for the aluminum-
lined glass-filament-wound tanks was developed by Aerojet under a previous NASA
~program (ref. 1-3). This method analyzes all portions of the vessel except
areas of discontinuity (e.g., cylinder-to-dome juncture) and the immediate
vicinity of the axially located port on the vessel dome, where the analysis
"plows up" when the meridional filament wrap angle equals and exceeds approxi-
mately 54°. (This "blow up" is characteristic of all other known analyses for
filament-wound domes.) Methods existed for the cylinder-to-dome juncture dis-
continuity analysis, but no structural analysis method was available for
detailed investigation of the vessel dome in the region of the polar boss.

This report covers a structural analysis of the dome region of metal-
lined glass-filament-wound pressure vessels, which was conducted because of
the critical nature of the boss-to-liner transition in filament-wound vessels,
the mismatch of boss and filament-wound composite deflections and rotations,
and the strain magnifications known to exist in this region due to the rigidity
of the boss designs employed so far and the extensibility of the filament-wound
composite on top of the boss. First, the pressure-vessel design criteria and
membrane analysis are presented, followed by a discontinuity analysis of +the
vessel dome=-to-cylinder juncture and a determination of the filament-winding
pattern. Then the dome characterization in the vicinity of the polar boss is
presented ~ elastic properties, deflectiouns, rotations, and strains when
subjected to internal pressure and boss reaction loads. Boss concepts are
reviewed, and two configurations selected for detailed design and analysis.
The detailed boss designs are then incorporated into the vessel design developed
from the membrane and dome-to-cylinder analyses to result in two complete
vessel designs for fabrication and structural evaluation under Contract
NAS 3-10289.




ITI. DESIGN ANALYSES OF PRESSURE-VESSEL MEMBRANE
' HEAD-TO-CYLINDER JUNCTURE, AND WINDING PATTERN

A, DESIGN CRITERIA

Two aluminum-lined glass-filament-wound pressure vessel désigns are
to be prepared with the following characteristics:

Liner: Aluminum, Type 1100-0, of 0.0l0-in.-thickness
Bosses: Two design configurations
(each vessel to use one) of about 1.20-in.-OD at

the filament-wound dome axis

Fiber Reinforcement: S-glass (HTS finish)

Resin Matrix: Epon 828/DSA/Empol 1040/BDMA
(100/115.9/20/1)

Liner-to-Composite Adhesive: Adiprene L-lOO/Epi-Rez SlOl/
Moca (80/20/17)

Burst Pressure at +750F: 3000 psig

Shape: Closed-end cylinder
Size: 12-in.-dia. by 18-in.-long
B. DESIGN-ALIOWABLE GILASS-FILAMENT STRENGTH

Aerojet has developed a systematic approach to the design of
filament-wound vessels (Ref. A,S, and 6) and is using it in a number of appli-
cations. The method involves the use of pressure-vessel design factors,
corresponding to a range of dimensional parameters, to determine the sllowable
strength for each configuration. The factors are based on data collected over
the past T years from Aerojet tests on several thousands of pressure vessels;
these vessels ranged in diameter from 4 to T4 in. and had significant variations
in their design parameters. Included as factors used for the selection of
design-allowable values are the strength of the glass roving, resin content,
envelope dimensions (length and diameter), internal pressure level, axial port
diameters, temperature, sustained loading requirements, and cyclic loading
requirements. The method was used in this anglysis to establish realistic
values for the allowable ultimate T5°F S-HTS glass-filament tensile strengths
in the 12-in.-dia. by 18-in.-long aluminum-lined filament-wound test vessel.

1. Longitudinal Filaments

The allowable longitudinal-filament strength is given by

F =K, K, K, K K (sec” a) F

£,1 273 5 T

Symbols for this section are defined in Appendix A.




The following design factors (Ref. 6) are based on the specific

vessel parameters:

Parameter Design Factor
D, = 12.00 in. 0.815 (Kl)
Db/Dc = 0.11 1.015 (X,)
L/DC =1.5 1.000 (KB)
tf,l/Dc: 0.00235 0.920 (X))
T = 75°F 1.000 (K5)

a = 4° (from geometry of vessel)

For S-HTS glass filaments, the minimum ultimate tensile strength, Ff, is
415,000 psi.

The single-pressure-cycle allowable ultimate longitudinal
filament strength is therefore

Ff',l

1

(0.815) (1.015) (1.000) (0.920) (1.000) (1.004) (415,000)
316,000 psi

2. Hoop Filaments

The allowable hoop~filament strength is given by
tan2 o

2 ) F

Ff,h =K, K, K5 (1 - f

The following design factors are based on the specific
vessel parameters

Parameter Design Factor
D, = 12.00 in. 0.890 (Kl)
tf)-h/Dc ~  0.0042k 0.960 (K),)
T = 75°F 1.000 (KB)
a = 4°

The single-pressure-cycle allowable ultimate hoop filament
gstrength is therefore

Fen

i

(0.890) (0.960) (1.000) (1.000) [1-9-'-9%@1] 415,000
354,000 psi

il




C. MEMBRANE ANALYSIS
1. Method

The vessel shape and component thicknesses were established
with the previously developed computer program for analysis of metal-lined
filament-wound pressure vessels (Ref. 5). The program was used to investigate
the filament shell by means of a netting analysis, which assumes constant
stresses along the filament path and that the resin matrix makes a negligible
structural contribution. The filament and metal shells are combined by
equating strains in the longitudinal and hoop directions and by adjusting the
shell radii of curvature to match the combined material strengths at the
design pressure.

The program established the optimum head contour and defined
the component thicknesses and other dimensional coordinates, as well as the
shell stresses and strains at zero pressure and the design pressure, the
filament-path length, and the weight and volume of the components and complete
vessel. It was also used to determine the stresses and strains in the two
shells during vessel operation through the use of a series of pressures and
temperatures.

2. Computer Input and Output

Input variables used for the computer pressure vessel design
analysis are presented in Table 1. The computer output described the pressure
vessel membrane shape, component thickness and weights, and stress and strain
conditions. The portions of the liner configuration (Figure 1) and pressure
vessel configuration (Figure 2) dealing with the pressure vessel membrane are
taken from the computer output, except as noted below.

The longitudinal filament-wound composite thickness require-
ments computed for the test vessels, based on a minimum allowable ultimate
longitudinal filament stress of 316,000 psi and a design burst pressure of
3000 psig at T5OF are the following:

Longitudinal Filament-Wound 0.042 in.
Composite Thickness in Cylinder (tL)

Equivalent Filament Thickness in 0.028 in.
Longitudinal Direction of Cylinder (tf l)
5

The computerized analysis used the same allowable for the
hoop filaments as for the longitudinal filaments (i.e., 316,000 psi), and the
hoop filament-wound composite thickness requirements were computed to be the
following:

Hoop Filament-Wound 0.084 in.
Composite Thickness in Cylinder (tH)

Equivalent Filament Thickness in

Hoop Direction of Cylinder (t ¢ h) 0.057 in.
3




Because the actual hoop filament minimum allowable ultimate
stress, F 0 is 354,000 psi, the hoop wound composite thickness from the com-
puter ana{ysis, ty, was reduced to bring the hoop filament stress up to
354,000 psi in order to obtain a balanced design with equal probability of
failure in the hoop and longitudinal filaments. The load carried by the hoop
filaments of the computer analysis is

Ff’h by = (316,000 psi) (0.084 in.)

1
The new hoop~wound composite thickness, t., required to
develop a stress in the hoop filaments of 354,000 psi is given by

t 316,000 . B .
ty = 521000 (0.084 in.) = 0.075 in.

This hoop-wound composite thickness is reflected in Figure 2.

D. HEAD-TO-CYLINDER JUNCTURE DISCONTINUITY ANALYSIS

1. Objective

The purpose of this section of the report is to provide a
discontinuity stress analysis of the head-to-cylinder juncture to establish
the validity of the design shown in Figure 2.

2. Summary

A discontinuity analysis was conducted for the design shown
in Figure 2. Only the section at the juncture of the head-to-cylinder, shown
schematically in Figure 3, was considered in this analysis. Calculations in-
dicate a maximum longitudinal composite stress of 213,300 psi (filament stress
of 318,500 psi), which is 0.8% greater than the allowable design stress. This
stress occurs in the cylindrical section approximately 0.1 inch from the
tangent plane.

3. Analysis

Since the meridional radius of curvature of the head changes
very slowly in the area adjacent to the juncture of the head and cylinder,
the head may be considered cylindrical at the discontinuity. ZREquations for
the deflection and rotation at the head=-cylinder juncture are taken from
Reference 7, cases 14 and 15, page 302. The deflection of the cylinder is

A M
P _ 0 _ 0
c Cp 2DC A 05 2DC ) 02

and, the rotation of the cylinder is




0 o) + o
e 2D i 2 D X
C [ (84
Deflection of the head is
VO M
8y = Oy * X 2D i 2
P h Mo h M h
and, the rotation of the head is
v M
b = s -
h 2thh2 Dh )\h

The following relationships are used to adapt the deflection and rotation
equations to filament-wound cylinders:

a. Composite Beam Properties

(1)  Modulus

The composite modulus in the longitudinal
direction is

ELL tL + ELM tM + ELH tH

L tp tM + ty
where,
t, = 0.042 in. (from Figure 2)
ty = 0.010 in. (from Figure 1)
ty = 0.075 in, (cylinderlonly, Figure 2)
By = 0.0 (resin crazes)

The modulus of the longitudinal composite in the longitudinal direction (ELL)
is calculated from the following expression

2
ELL = Pvg‘Ef cos ao
and with
E, = 2.4 x 106 psi (S-HTS glass filaments)
Pvg = 0.673




a = 3.82° (from computer analysis)

0.673 (12.h x 106) (0.9956)

=
il

LL

8.313 x 106 psi

il

Since the liner is strained beyond its yield stress, an effective modulus,
based on total vessel strain, is used for the liner.

Ep
E = a (1-v ) )
M M M o
f,f
Where,
VM = 0.325 for aluminum
e p = 316,000 psi for S-HTS glass filaments at 3000 psi
? internal pressure
Oy = 13,400 psi (from computer analysis)
B = 13 L00 (l-O 325) (M)
M ’ ’ 316,000

0.355 x 106 psi

]

The composite modulus in the longitudingl direction for the cylinder is

0.355 x o6 (0.010)

E _ 8.313 x 100 (0.42) + 5 x 1
c 0.042 + 0.010 + 0.075

L

2.777 x 108 psi

i

and, for the head

E _ 8.313 x 106 (0.042) + 0.355 x 106 (0.010)
h 0.042 + 0,010

6.78% x 1o6 psi

The composite modulus in the hoop direction is

B = EHHtH + EHMtM + EHLtL

tL + tM + tH




where,
EHH = Pngf
6
= 0.673 (12.4 x 10°)

= 8.35 x 1O6 psi
and

.2
EHL = KEf sin ao

= 0.673 (12.4 x 106) (0.00443%)
= 0.037 x lO6 psi
The effective modulus of the liner in the hoop direction is

E

Y
= O (1-V ) |——
EHM M M Of,h
with,
Of n = 354,000 psi for S-HTS hoop glass filaments at 3000 psi
? internal pressure
£ = 13,400 (1 - 0.325) (M)
;170 ’ ’ 351, 000

= 0,317 x lO6 psi

The composite modulus in the hoop direction for the cylinder is

Ey 8.35 x 100 (0.075) + 0.317 x 1o6 (0.010) + 0.037 x 106 (0.042)
c 0.04k2 + 0.010 + 0.075

4.968 x 10° psi

|

and, for the head

0.317 x 1o6 (0.010) x 0.037 x 1o6 (0.0k2)

EHh = 0.042 1 0.010

1l

0.091 x lO6 psi




and., for the head

equation

Since Y
c

il

Y

=D

h)

h

(2) Neutral Axis

The neutral axls of the cylinder is

2
Bty (tM + tL/é) + ELM(tM)/fz

c (tL + by * tH) ELC
6 6 2
7 - 8.31% x 10°(0.042)(0.031) + 0.355 x 10°(0.01)°/2
¢ 0.127 (2.777 x 106)
?; = 0.031 in.
\2
- E b (b + £ /2) + ELM(tM)Z{é
h (tM + tL) B
h
6 " 6 2
7 - 8.313 x 10°(0.042)(0.031) + 0.355 x 10 (0.01)°/2
b 0.052 (6.783 x 106)
Y, = 0.03L in.
(3) Flexural Rigidity
The flexural rigidity is calculated from the
- _ L3 3 3
D = B, I = I3 {tM B+t B+t ELHj

2 2
¥ty [Y—tM/2] E, * tI’[Y—(tM 4 tL/E)] E L

2
t [Y—(tM R tH/e)] E

+

the head and cylinder flexural rigidities are

6 6

+ (o.oue)3 8.313 x 10
12

_ (0.01)5 0.%55 x 10

+ 0.01 (0.051-=.005)2 0.355 x 106 = 53.753% lb-in.

10




() Stiffness

The modulus of the beam foundation (stiffness)

=
w

By (B, + iy + ty)

k = - 5
2
where,
R2 = R = 6.00 in. (from computer analysis)
For the cylinder
K = 4,968 x 1o6 (0.127)
c 2
(6)
- 17,530 1b/in.”
and for the head
. 0.091 x 106 (0.052)

(6)°

= 13L.h 1b/in.”
(5) Beam Characteristic

The beam characteristic (A) is defined to be

For the cylinder

17,530 a1
Ac = T (s5.753) ° 81.53 in.

and for the head
-1

L 131,k
A = =
n EIE%T???T 0.6111 in.

11




b. Radial Membrane Deflections
(1) Cylinder
2
8, - PR
P EHc(tM + b+ tH)
With p = 3000 psi
3000 (6)2
8, = z 0.1712 in.
P 4.968 x 10~ (0.127)
(2) Head
2
. PR,” (2 - Rg/Rl)
Hp 2Fy; (tM + tL)
h
. .-l
With l/Rl = 0.331 in.
8, _ 3000 (6)° [2-6(0.531)]
P

(1)

i

2(0.091 x 106)(0.052)

0.1598 1in.

Discontinuity Forces and Moments

Head-to-Cylinder Juncture

The discontinuity force and moment gt the
Juncture of the head to cylinder may be found by matching head and cylinder

rotation and deflection.

1l

8

C

and the rotation of the cylinder is

The deflection of the cylinder is

v M

o _ O
O-1112 = (53 75)(27.13) ~ 2(55.75)(9.029)

0.1712 - 0.00034 VO - 0.00103 Mb

v M

O

2(55.75)(9.029) © 53.75(

(o)
3.005)

0.00103 Vb + 0.00619 Mo

12




The deflection of the head is
v M

o . o)
2(53.75)(0.6912) ~ 2(53.75)(0.78L7)

Sh 0.1598 + 0.01345 VO - 0.1190 M0

& 0.1598 +

i

h

fi

and the rotation of the head is

Vo ¥
0y = 3(53.75)(0.7617) ~ 55.75(0.8841)
Oh = 0.01190 V0 - 0.0210k4 MO

Equating rotations and deflections yields

0.01190-0.00103 \

M, = 15.00610 + 0.0210k! Vo
M = 0.39919 V_
and
¢ . (0:1712-0.1598) + (0.01190-0.00109)"
o. 0.01345 + 0.00034
v, = 0.82668 + 0.78825 M,

Simultaneous solution of the two equations yields

v = 0.82668
o  1-0.39919(0.78825

y = 1.206 1b/in.

and

M

S 0.39919 (1.206) = 0.481 in.-1b/in.

(2) Bending Moment Distribution

The bending moment distribution in the cylinder,
including the moment due to shear, is calculated from the expression

v
“AY 0
M (Y) = e e EMO cos A Y + (M + Xz) sin A;d
and for the head
v
_ =AY _ 0
Mh(Y) = e M P%)cos AhY + (MO X;o sin Ahy]
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Results of calculations based on these equations are shown in Figure k. It
can be seen that the meximum bending moment occurs in the cylinder approxi-
mately 0.10 in. from the tangency plane.

d. Maximum Stress
The maximum stress occurs in the longitudinal com-

posite and is a combination of membrane and bending stresses. The longi-~
tudinal composite stress resulting from pressure is

2
O'LLP = Pvg %,i cos Clo

where,

LL

i

0.673 (316,000)(0.9955)

211,600 psi

The maximum tensile bending stress in the outside fibers of the longitudinal
composite is

E ME
o, - My (_LL —LL (7 -
Ly = I, \E )c D, (¥ - ty)
oo 0.535(8.313 x 106)(0.051—0.010)
= 5375
“Ln, = 1740 psi

and the maximum combined (tensile) stress is

o1 L

o1 211,600 + 1740

213,340 psi

!

ILL
This longitudinal composite stress is equivalent to a longitudinal filament
stress of 318,500 psi, which is 0.8% higher than the 316,000 psi allowable
stress used for computer analysis of the membrane.
E. WINDING PATTERN ANALYSTS

The filament-wound vessel has two winding patterns: & longitudinal-
in-plane pattern along the cylinder and over the end domes to provide the total
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filament-wound composite strength in the heads and the longitudinal strength
in the cylindrical section; and a circumferential pattern applied along the
cylinder for hoop strength in this section.

The winding pattern for the pressure vessel requires the applica-
tion of a specific quantity of glass roving in predetermined orientations in
order to obtain the desired burst pressure. The pressure vessel membrane
analysis of Section III-C showed that the required filament-wound composite
and equivalent glass-filament thicknesses are the following:

Thickness, in.

Longitudinal filament-wound composite 0.042
thickness in cylinder

Equivalent filament thickness in 0.028
longitudinal direction of cylinder

Hoop filament-wound composite thickness 0.075
in cylinder

Equivalent filament thickness in hoop 0.051
direction of cylinder

1. Longitudinal Pattern

The pattern is analyzed here on the basis of actual winding
data and laboratory tests of glass roving and composite specimens, which have
shown that a cured single layer of 20~end roving created by side-by-side
orientation has a thickness (ts l) of 0.007 in.

2

The required number of layers of longitudinal winding (LL)
to make up the longitudinal composite thickness (TL) is given by

T
L . L _o.0k

L ts,l 0.007

= 6 layers

Two layers are formed for each revolution of the winding
mandrel. The number of revolutions required (Nl) is therefore

Nl = ;Q = g = 3% revolutions

The winding-tape width (WL) is given by

N2 A

ts,vag
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where

Né = number of 20-end roving strands per tape, selected as 3%
A = cross section of 20-end roving = 420 x 10“'6 in.2
Pvg = glass~filament fraction in composite = 0.673
Thus,
-6
W (3){h20x 10 ) _ 4 58 1n.

L - 1(0.007)(0.673)

The number of turns per revolution (NB) must be an integer, and is given by

D cos ¢
c

Ns = ——ﬁz—:-jir to the nearest integer
p
where
DC = vessel diameter = 12.00 in.
a = longitudinal in-plane winding angle = 5.820
Et = space between tapes (which should equal zero)
P
Therefore,
N Z (12602250'998) = 140 turns per revolution

3

2. Hoop Pattern

_ The required number of layers of hoop winding to make up
the hoop composite thickness (tH) is given by

LH _ =
ts,h
Where
t = thickness of single cured layer of hoop winding

s,h

In this case ts may be set equal to 0.0075 in.

sh
Then
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= 10 layers

wrng per in nder Length (NS) ig given by

W . Le tszh Pvg
5 Nq A

L = c¢ylinder length, selected as 1 in.

Nh = number of 20-end roving strands per tape, selected as 1
then

(1.00)(0.00753(0.673)
5 (1) (420 x 107°)

= 12.0 turns per inch layer.
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Iv. DOME CHARACTERISTICS OF ALUMINUM-LINED GLASS PITAMENT-WOUND VESSEL

A, IWTRODUCTION

The filament-wound pressure vessel dome (filament-wound composite,
liner, and boss) analyzed here has been described in Section IIT and Figures
1l and 2. During analysis and characterization of the filament-wound composite
component of this dome, modifications to the basic thickness, contour, and
geometry were made only in the region of the polar boss by variations in
winding tape width and composite stackup at the boss.

Two distinet methods exist for analyzing filament-wound composites:
the netting analysis and the orthotropic analysis. In the netting analysis,
which was used in Section ITI for design of the basic vessel, it is assumed
that the resin has no load carrying ability, and that its only purpose is to
hold the fibers in pogition. For vessel design, this analysis assumes that
all the fibers are stressed uniformly and shapes the vessel dome contour to
satisfy this condition. The netting analysis is used primarily for investi-
gating the membrane stresses in fiber shells. It cannot be used for pre-
dicting the bending stresses and interlaminar shear stresses. In the ortho-
tropic analysis, both the filaments and the resin are taken into consideration.
The method consists of determining equivalent elastic constants for the
filament-wound composite ghell and using them in orthotropic shell theory.

In the absence of resin fracture or craze cracking, the ortho-
tropic analysis should accurately describe dome properties and behavior under
pressure loading. However, in practice, the glass-filament domes do craze
as they strain, resulting in a partial breakdown of the resins influence on
dome behavior. If resin fracture should ever be complete, the netting analysis
would apply in describing dome properties and behavior. Real dome behavior
lies between these two idealizations of the filament-wound structure. The
present analysis investigated the filament=wound dome using both approaches
to establish limits of dome behavior under pressure and boss loading.

B. STRATN CHARACTERIZATION OF FITAMENT-WOUND SHELL

The meridional strain of the filament-wound composite shell at
any point is

o b7
6=._L_..._V._I;I__
L ELL H EHL
where,
N bR
A i
h h
and
o _&_?Ee.(e_ﬁa)
H th Eth Rl
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Analysis of the computer print-out in the region where the
pressure vessel dome may be considered a shell (0p < a < 30°) reveals that
the ratio of hoop to meridian radil of curvature is approximately equal to 2.
Since (2 - Rg/Rl) is approximstely zero, the hoop stress is approximately
zero and the meridian strain is

For ease of calculation and a better presentation of parameters of interest,
it was decided to normalize the strain at any point to the strain at the
equator of the vessel

N /B,

€/e - W /et
'L, Np/Bprty)g

where, the subscript "o" refers to the value at the equator. The meridian
force at any point is proportional to the hoop radius of curvature

pR2 5
NL/NLO = =75 = Ro/a

so that the normalized strain may be defined by the relation

€/¢ = (Ry/a) [ Bty /By by |
o} o O

The computer run for this particular shell was used to obtain
values for &, Rp, Ry, Z = x/a, and ty as shown in Table 2. A plot of Z vs. ¢
was made from the data and is shown in Figure 5. It should be noted in the
figure that the major portion of the pressure vessel (shell portion of vessel
where liner thickness is constant) has wrap angles less than 20°. In order
to better show the deviation in parameters as the area of the hoss is
approached it was decided to use wrap angle (a) as the independent parameter
for plots rather than the radial distance (x). Figures 6 and 7 show the
normalized hoop radius of curvature and the normalized thickness of the com-~
posite, respectively, as a function of wrap angle. The only other parameter
required to define the normalized strain is the modulus of elasticity in the
meridian direction.

1. Modulug of Elasticity and Strain from Qrthotropic Theory

The variation in modulus of elasticity with wrap angle for
a glass/epoxy composite is shown in Figure 31 of Reference (8). Rather than
recalculate values for this parameter, the curve described in Reference (8)
was replotted and is shown in Figure 8. Using Figure 8 and the following
relationship
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ELL/ELLO (B /) [ (Brp/Ee),

in combingtion with the normalized thickness, the normalized extensional
stiffness wasg determined and is plotted in Pigure 9. The wvalues of para-
meters depicted in Figures 6 and 9 were used to construct the curve of
normalized strain for an unlined composite shell as shown in Figure 10.

a. Effect of Blastic Liner

In order to determine the effect of an elastic liner
(liner stressed below its yield point) on the normalized strain, the liner
and filament reinforced composite shells were treated as a single composite
shell having an equivalent extensional stiffness. The strain of the eguiva-
lent composite shell is

and, the normalized strain is

(ELC/ELCO) = (Ry/a) [ (Bpqt hC/ELC ne_ )

The extensional stiffness of the equivalent compogite
shell at any point is

Erctne = Brobrn + Enty
Bt — EL’LAEL w £ + El-i.M.—P_M_ B +
IC 'he ELLOtLO I "L ELMOtMO TN M

and, the normalized value is

E._ ot
Brotue | [Puofy L, Lo
E..t - \E t Bt
Ic hC_ rn, 1 f \"re_‘ne,
B %
+ LMtM LMO Mo
Brm tM Bre ®neo
o] e}

For a 0.010 in. thick aluminum liner with an elastic modulus of 10 x lO6 psi

Bt = 10 x 10° (0.01) = 1 x 10° 1b/in.
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and for the filament composite at the equator

i
E_ .t { LLo E_t
N = L
o "o i EF o)
with
EF = Evag + E}r (1-=Pvg)
B, = '{12.1; (0.67) + 0.5 (o.55)§ x 10°
“
EF = 8.47 x 10° psi

and, from Figure 8,
g
(ELLO /EFE = 0.9%

E._t = 0.992 (8.h7 x 10

)
LT L
o O

(0.052) = L.37 x 10° 1b/in.

- The extensional stiffness of the equivalent composite shell at the equator is

Ere by = Bry by T B Y
Q (o] @] O O (@]

1x10° +4.37 x 10° = 5.37 x 10° 1b/in.

el
ot
[

and, the normalized extensional sﬁiffness of the equivalent composite shell is
3

Bt Bt 3
Brefue = 0.186 E—L—M%—— + 0.814 EJ?’-I—'—T;-—}
ELCOthCO LMo Mo LLO Lo

Definition of the metal-shell thickness variation is
required in the region of the boss~flange in order to establish the extensional
stiffness of the elastic liner in this area. Table 3 gives liner thickness
data from the Figure 1 configuration.

Figure 6 was again used in combination with the
normalized extensional stiffness (calculated from the values of liner thick-
ness shown in Table 3) to establish the normalized strain for a filament com-
posite shell with an elastic liner. All values of parameters are shown in
Table 4 and normalized strain is plotted in Figure 10.

21




T T

o. T fect of Plastic Liner

The effect of a liner in the plastic range (that is.
a3 liner stressed above ites yield point) on the strain of the shell ig calcu-
lsbted using a similer method to that described in the preceding paragraphs.
For a 0.010 in.-thick aluminum liner with a plastic modulus of 0.1 x 109 psi
the extensional stiffness of the metal shell at the equator is
°

t = 0.1 x 10  (0.01) = 0.01 x 10° 1b/in.

"
TIM M
o o
and, the extensional stiffness of the equivalent composite shell at the

equator 1is

o 5 =
Eot, = 0.0Lx 107 + 4.37 x 10° = L.38 x 10° 1bv/in.
O @]

The normalized extensional stiffness of the equivalent compogite shell at any
point is

Bt Bt Bt
£551%¥1 = 0.002 i§§£%§—— + 0.998 Eiﬁiﬁ%— 5
IC “nC M M \ LL L /
o] O O O o] 6]

Data on the normalized extensional stiffness and normalized strain for the
equivalent composite shell are shown in Table 5, and the normalized strain is
plotted in Figure 10.

C. Discussion of Results

The meridional strain of a filament-wound composite
shell with modulus of elasticity computed from orthotropic theory is shown
in Figure 10. Although the accuracy of the curve is guestionable for wrap
angles greater than 30°, due to the neglected Poisson effect (hoop stress),
it allows a basis for comparison of the effect of an elastic liner (stress
below yield point) and a plastic liner (stress beyond yield point) ip to the
point where the boss-to-liner transition occurs. As shown in Figure 10, the .
unlined filament-wound dome had an increasing meridional strain up the dome:
at the point where the liner~-to-boss juncture would be located, the strain
was 11% greater than at the equator; the maximum meridional strain occurred
on top of where the boss would be located and was 50% greater than at the
equator. At pressures above 140 psi, where the constant thickness portion
of the liner is passed its yileld stress everyvwhere on the dome, the liner
had very little effect on strains at all points on the contour, and the strain
pattern closely approximated that which occurred for an unlined dome.

2. Modulus of Elasticity and Strain from Netting Theory

In netting theory, the meridional modulus of elasticity is
assumed to vary with wrap angle by the following expression:
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B P 2
L - véEf cos O

Data from computer output listed in Table 2 was used in combination with
values obtained from the preceding equation to calculate the normalized
extensional stiffness and strain of an unlined filament-wound shell. Calcu-
lated values are listed in Table 6 and a plot of normalized meridional strain
is shown in Figure 11.

The effect of an elastic liner on the normalized meridional
strain of the resulting equivalent composite shell is shown in Figure 11,
while the data used to construct the plot is listed in Table 7. The method
for establishing the extensional stiffness is the same as thav described in
the preceding section on orthotropic theory.

Referring to Figure 11, the unlined filament-wound dome with
liner plastic had a meridional strain vwhich was essentially constant along the con-
tour. Inclusion of an elastic aluminum liner induced a similar strain spike (as in
the orthotropic analysis) at the juncture of the liner-to-boss, but this
spike is expected to dampen out as plastic flow is encountered at low vessel
internal pressures.

C. RADIAL DEFLECTION OF FILAMENT-WOUND SHELL
The radial deflection (deflection normal to axis of rotation) of

a shell of revolution subjected to membrane loading is expressed by the
following relation

s - B, M
S 1B R P
with
oo X
L 2
w oo el R
H 2 Rl

the radial displacement per unit pressure 1is

ol e Y

§/p =
2ty Bar, By,
1. Composite Properties from Orthotropic Theory

Computer output was again used to define the geometric pro-
perties of the filament-wound shell at various points along the contour.
Reference 8 was used to establish modulus of elasticity in the hoop and
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meridian direction, and Polsson's ratio at the required contour points. This
data is summarized in Table 8 which also contains calculated values for radial
deflection at each point.

Table 8 shows that the radial deflections of the shell
were inward at the equator and up the dome until the boss region was approached,
due to the high meridional load, very low hoop load, and Poisson's ratios for
the materials.

2. Composite Properties from Netting Theory

In netting theory Poisson's ratio is zero, and the radial
displacement of a point on the shell of revolution is described by the modi-
fied equation

5/p - RR,, (2 . R2/Rl)
2By

Using the computer output of Table 8 and the following expression for the
modulus of elasticity in the hoop direction

. 2
EHL = Pngf sin o

the radial deflection at each point on the contour was calculated and results
listed in Table 8. It should be noted that netting theory produced outward
values for deflections over the entire dome.

3. Discussion of Results

Although radial deflections could be computed easily, the
deflection in an orthogonal direction is needed to locate the deflected point
in space, and the equations governing this orthogonal deflection require ex-
tensive numerical solution.

Because it was known that actual balanced-in-plane domes
deflect outward, it was decided to review empirical data on dome deflections
available at Aerojet from past programs. This review revealed the following:

e The existence of two zones of approximately linear
load vs deflection behavior due to the departure
from orthotropic properties with increasing strain;
above the transition load (approximately 25% of
ultimate) where crazing initiates, the deformation
behaves as predicted by the netting analysis.

@ Above the crazing threshold, deflections of points

on the domes were essentially normal to the
unpressurized surface.
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Based on this, the netting analysis should be usged to
establish mewmbrane strains, stresses, and deflection in glass filament-
wound vessels.

The netting analysis computer program assumes that the
vessel heads are wound with tape of negligible width. This assumption pro-
duces valid results for the entire dome except for an area immediately
adjacent to the boss, where the composite thickness predicted by the analysis
approaches infinity. This does not represent the actual situation (because
finite tape widths are always used) and causes the analysis to "blowup."

To determine the portion of the dome over which the analysis is valid, the
computer output was analyzed to determine (1) the last good point where the
ingide surface of the windings did not curve in upon itself, and (2) the
isotensold feature of the filaments was maintained. For the 12-in.-dia
vessel, this occurred at a normalized radial distance, %, of 0.25h (for
reference, the boss diameter normelized radial distance, A, is 0.100).
Coincidently, this is the point at which the metal liner design of Figure 1
starts thickening into the polar boss. The computer output thus describes
the dome between % = 1.000 and % = 0.254, and other methods must be used to
analyze the reimainder of the dome. Discontinuity forces and moments exist
here due to changes in section properties and curvature, and the presence
of boss reaction loads. A discontinuity analysis will be used to tie the
remainder of the dome to the membrane.

D. DISCONTINUTITY ANALYSIS OF FILAMENT-WOUND COMPOSITE IN AREA
OF BOSS/FLANGE

In the region of the b0ss/flange the filament-wound composite
shell, which carries only membrane loads, blends into a rigid band of
material 1.57 times the tape width which acts as a ring plate.* At the transi-~
tion point, radii of curvature change from finite values in the shell region
to infinite values for the ring plate. Figure 12 depicts a model of this
region broken down into free bodies with the corresponding loads and their
points of application. The flange of the boss is assumed to be disconnected
from the metal liner at the discontinuity which implys a free floating metal
boss. The horizontal discontinuity force (Hp) and bending moment (Mp) can be
determined by setting up two equations of compatibility involving the ro-
tation and displacements. Note in FPigure 12 that provision was made to
account for & uniformly distributed flange load or a concentrated load
acting at any position along the flange which can be induced as a result of
rotation of the bodies. Compatibility of deformations at the ring/shell
juncture requires that

o = 8y

=Y
i
<

%
The 1.6 factor was determined from measurement of a sectioned tank.
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5RHT— RMR = & pmahHDmghMD (1)

h
I M
R R h h
The ring loads are given by the following equations (see Figure 12).
PRQ
p.
. - Mo N . D
D 2 L 2
2
Pk,
VA = E(RA s HT = HD + ND cos ¢
1| = =
M, = -_;_—- lRDMD+RD(RD-R)VD+(RA+e) (R-RA—e)VA]

The ring deflections are given by the following:

o o
5 O RpCyHp By + Ry
R -~ B C, = ) 2 "V
1 - R
R Ry n
6RMR = QRDsin2 9RMR/2 ~0

Ring rotations are given by:

H

o T

2 0
_2

oMr Mg F

R ~ D

and the ring flexural rigidity is
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EHR tRB (RD - RA)

T (l - VHbi}

Shell distortion equations for deflection and rotation of the
shell as a result of the discontinuity loads were obtained from the work
done by Greszczuk (Reference 9). These equations, describe a shallow homo-
geneous shell and must be modified to account for the orthotropic properties
encountered in a composite material. The modified equations appear below,
followed by definitions of the modifying factors.

PROR, 2 - R,/ Rl)D

3P= D i
h P By By
R L A A B |
h Wy 3168, By 118, &8 j
v K K, v K \]
MD=R“‘—""‘RDM]23 KAIELEQ'ﬁi'Ke 3'3'@* LBu
8, 2 Wy \-D L “H n ¢ B
é&om
DD
= === K K + K. K
OhHD BH¢.DWdi:3 L 1 2}

OMD= S V[Ku2+K22]
BHQSDB R2D LF)

where the extensional stiffnesses are
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and the flexural rigidity is

i1=n & 2

h,
h L. ‘h, |12 (1 =5 V) +(:;_yi)2g
i H L3 J

1 1

With these properties, the beam characteristic (Ah) is established by the
equation

2
B. R

Au‘ ) Hh 2
h hDh

The beam characteristic for the shell is used to establish Greszczuk's
parameter (fb) as

fD - )‘h¢D Ve
which is then used to evaluate the parameters, k, (fD), ceees K (fb) the

values of which are tabulated in Reference 9.
The compatibility equations in terms of influence coefficients can be written
i fp M
P D _ P -
Ug P+ Ug "y = U p -0y " Hy =0T = My (3)

and

- 5Rp p - BRMb My = éhHD Hy + BhMb My 04)

The notation is such that URp is the deflection of the ring (R) resulting from

unit pressure (p), and BhMD is the rotation of the shell (h) caused by the
unit bending moment (MD). Note that

PR,
8 HT = RD Cl %2' cos ¢ + H
R By -3 D D
R
H
SHT - uPp+u Pu

R R
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in transforming from Equation 1 to 3, Also, in transforming from Equation
2 to 4, the following is true

2 IpR
= 2
D =§——‘—:P-(R’D_RA_G)+%_MD
R R 2R R

-2
o M

Mz D M
° Pr P+Bg M,

Equations 1A and 2A are solved simultaneously to arrive at the
unknowns, HD and Mb.

1

D
UR + Uh

The o

D=
" o

The preceding equations were used to solve for rotations and
deflections at the ring-plate/shell juncture for the design shown in Figure 12,
using elastic properties of the composite derived from both netting and
orthotropic theory. The results obtained are summarized in Table 9.

It can be seen from Table 9 that the results of the calculations
are almost independent of the theory used to establish the elastic properties
of the composite material. Turther, the radial deflection at the composite
ring-to-membrane juncture was independent of the type of flange-bearing load
(distributed or concentrated) and its position, but rotation was strongly
influenced by the magnitude and point of load application. At the vessel
design burst pressure of 3000 psi, the radial deflection was 0.040 in. (i.e.,
the "slip" between the free-floating boss flange and composite ring-plate is
0.040 in.). The rotation of the composite section at the junction ranges
between 1.5 and 3° at 3000 psi depending on the location of the bearing load.
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Since the results of the digcontinuity analysis are independent
of the theory used to establish the elastic properties of the filament-
wound composite in the ares of the boss-flange, it can be concluded that
netting theory properties are sufficient for establishing vessel designs.

The calculations were performed using single values for tape
width (ring-plate width equal to 1.57 times the winding tape width of
0.268 in., or 0.42L in.) and boss diameter (D, /D = 0.1). In order to
establish the effect of these potentially varlabie parameters on the dome,
further calculations were required for several combingtions of tape width
and boss diameter. The Aerojet~modified version of the computer program
described in Reference 3 was used to obtain the geometric parameters at the
ring-plate/shell Juncture for several wrap diameters defined by the wrap
radiug parameter, XOl. Note that XOl is not the boss radius (D, /2) when
finite tape widths (WL) are considered, but it can be defined by the relation

X0l = (Db + 1.57WL)/2

This relation establishes a theoretical plane of wrap which is a better
approximation of that which is actually achieved in practice.

Calculations were performed (using the geometric parameters from
computer output and elastic properties based on netting theory) to obtain
the effect of tape width and boss diameter on the deflection of the dome at
the discontinuity. Results of these calculations are presented in Figure 13
which shows radial deflection, at the design pressure of 3000 psi, as a
function of tape width and normalized boss diameter.
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v. POLAR BOSS DESIGN CONCEPLS

The various polar boss configurations for glass-filament-wound metal-
lined vessels congidered during the study are shown schematically in Figure
14. The schematics indicate regions of the liner estimated to be in the
elastic or plastic ranges. Areas of possible debonding caused by deflection
and rotation of the composite on top of the boss are indicated. Each of the
schematics is discussed below.

A.  CONTRACT NAS 3-10289 BOSS DESIGN - (:)

This is the conventional design employed previously on this contract
for a 6061 aluminum liner. In the two tanks tested, there was some unbonding
noted when the tank was sectioned, as indicated in the sketch. This is con-
sistent with the analytical results. It would be desirable to design the
flange to rotate, thus uniformly distributing the load and reducing the peeling
action. Metal liner plastic-to-elastic condition occurs in the transition area.

B.  CONTRACTS NAS 3-6287 and NAS 3-6297 BOSS DESIGN - (:)

This is the conventional design employed on previous contracts for
thin stainless steel liners. Although it is believed (from analysis) that
some unbonding might have occurred, this is not known for a fact. This con-
figuration has been acceptable for use with glass filament composites in
single-cycle burst tests.

C.  CONTRACT NAS 3-6292 BOSS DESIGN - (:)

This is the configuration used in a thick Inconel liner which was
glass-filament overwrapped. The boss performed satisfactorily, although the
ultimate filament stress level obtained was only 90% of that originally ex-
pected and most failures appeared to originate in filaments at the boss area.

D.  MATCHED ROTATION FIANGE BOSS - (j)

A flange taper is provided to permit equal rotation of the filament-
wound composite and boss flange, and to uniformly distribute boss reaction load.
Mismatch of radial deflections may cause debonding as shown. Plastic-to-elastic
condition occurs in the transition area.

E.  SLIDING LINER BOSS - (:)

This scheme would provide some excess liner material to make up
for radial deflection of the filament-wound composite. A slip surface would be
required and need to be provided. Debonding could be expected in area shown.
The plastic-to-elastic condition would occur inboard of the filament-wound
composite and liner separation. The liner might have trouble recovering upon
release of pressure. Pressure might deform the liner around the metal boss
supporting the liner at the point of filament-wound composite and liner separa-
tion.
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F.  TUBE BOSS - TYFE A - @

This scheme involves a small fill tube (say a 2% boss) connected
to the liner, a small winding angle, and a wide tape width. The small boss
results in small deflections and rotations, a small boss reaction load, and a
thin-wall tube. In the configuration shown, the uniform thickness tube will
take the internal pressure load below its yleld stress. To keep from shearing
out, the thickness of the tube under the edge of the filament-wound composite
needs to be about as thick as the basic tube; it tapers down to the basic liner
thickness rapidly. Because the tube behaves elasticity, debonding between the
tube and filament-wound composite can be expected as indicated. Plastic-to-
elastic action in the liner would occur where the liner thickens into the tube.

G.  TUBE BOSS - TYPE B -@

This configuration is the same asg (E) above, except that a portion
of the tube is thinned down so plastic deformation of the tube will occur in
the hoop direction, matching the radial expansion of the opening in the
filament-wound composite dome. The thin portion of the tube would be enough
to take longitudinal loads and would be overwrapped as dictated by design
details with glass or lower modulus material to permit proper hoop expansion.
The thickness of the tube under the edge of the filament-wound composite and
as the tube exits from the outside surface of the filament-wound composite
would need to provide adequate shear strength and hoop tension strength. Be-
cause of the two thickened ring sections in the tube, some debonding is ex-
pected as indicated.

H. TUBE BOSS - TYPE C -

This is the Jlarger tube configuration (fvlo% of vessel diameter)
based on same idea as Qj above. It is large enough to permit support of the
mandrel easily in the winding machine.

I.  FILAMENT REINFORCED PLASTIC BOSS WITH TUBE - TYPES A & B - @ and

This is similar to (E) except that a filament reinforced plastic
boss is provided between the small tube and the filament-wound composite.
This boss provides something to grip for positioning the mandrel in the winding
machine. It would have a lower modulus than a metal member and would thus be
more flexible. It would not be flexible enough to deflect radially with the
filament~wound composite and debonding is expected as shown. Also, because
three materials would be interfacing filament-wound composite, liner, filament

reinforced plastic, debond could occur where the three materials intersect, as
shown.

J.  FILAMENT REINFORCED PIASTIC BOSS WITH TUBE - C -@
In this configuration (similar to the concept employed on Contract
NAS 3—2562 Reference lO),a more flexible filament reinforced plastic boss is

provided in conjunction with a larger tube size. The filament reinforced plastic
boss would have sufficient strength to take boss shear and longitudinal loads.
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In the hoop direction, it 1s envisioned that a low modulus hoop wrap (e.g. Dacron )
would be used to permit radial expansion of the filament reinforced plastic boss
and the thin tube with the opening in the filament-wound composite dome. De-
bonding is possible as indicated. A higher modulus, high-strength hoop wrap
(e.g., glass) would be used on the filament reinforced plastic boss before it
exits from the hole in the filament-wound composite.

K.  PLASTIC SPRING BOSS - @

In this scheme, pressure in the vessel is used to expand the liner
past yield "plastic" against the opening in the filament-wound composite dome.
The liner is flexible up to the opening and in the opening. Hoop wrap can be
provided as needed to control radial deflection as the liner thickens as it
exits from the opening in the filament-wound composite. A slip surface is
provided on the other boss member which takes out the boss reaction load.
Another schematic of this configuration is shown in Figure 15. Enough flexi-
bility is provided to accommodate filament-wound composite deflection. Pressure
acts to form the liner and reduced bond stresses.

L.  BELIOWS SPRING BOSS - TYPES A AND B - @ and (1)
These both have bellows springs to provide more flexibility of the
boss. However, because of the surface of revolution of the spring, the spring
is restrained by the hoop stresses induced during expansion, and a high degree

of flexibility is not provided. Debonding would probably result as indicated.

After review of the advantages and disadvantages of each of the
concepts, Configurations and (EED were selected for detailed design.
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vi. DETAILED BOSS DESIGNS

A PLASTIC SPRING BOSS

The basgic features of this boss design concept are shown in
Figure 16.

1. Design Assumptions

8o The vessel pressure acts over the entire Al-1100 liner
surface forcing the liner to strain with the filament-wound composite.
(Pressure vent holes are provided in the boss body and no seal exists between
the liner and flange except at the end of the opening in the liner.)

b. A short cylinder of high-strength aluminum is provided
to minimize distortion at the Al-1100 weld area and also to act as a hinge at
its free end allowing the Al-1100 to strain with the composite.

C. The boss flange has a zero net pressure across its
thickness; the reaction load is due to pressure acting over the port area only.

d. The Al1-1100 1iner slips over the boss flange surface.

2. Filament-Wound Compogite

In order to establish the strain and rotational requirements
of the boss for this design, a discontinuity analysis was performed at the ring-
plate/shell Juncture of the filament-wound composite. The tape width was
assumed to be 0.268 in. and the boss diameter 1.2 in. (the opening in the
filament-wound composite). These values correspond to a ring-plate width of
0.42h in. Computer outputs were used to establish geometry, and netting theory
was used to establish properties of the filament-wound composite.

Results of this analysis are summarized below:

D [.2869e - .1017]

o

==
i

5 =D [--3811e- .9335)

6

ELO.SB p + 989 HD] x 10”

©
il

5 [2.268 H + 56.39 M_D] x 1076

At the design pressure of 3000 psi, the preceding variables have the following
values:
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N Va D My & p %%
Loading (1b/in.) (ib/in.) (1b/in.) (in.-1b/in.) (1b/in.) (in.) (deg
Distributed
(e = .212) 32,100 1937 1536 -122.7 -30k42 0287  0.79
Concentrated
(e = .hak) 32,100 1536 1536 +59.7 -3285 .0285  0.23%

2. Ring Stress Analysis

Based on these values, the ring may be shown as a free
body and the corresponding stresses calculated. For the case of a uniformly
distributed load, the free body is shown below.

1.024 ——
0.6—| o2k |e—
| . . .
122.7 in.-1b/in.
dolr” N
+ 0.hok | ; l —» 20,058 1b/in.
NI
~ 7
T 15%6 1b/in.

1937 1b/in.

Resulting twisting moment
0

M = 6'.1‘8'13 1.024(~122.7) + 1.024(.212)(1536) + .812}4 1937]

255.9 in.-1b/in.

]

Maximum composite hoop stress (outside surface)

TRy Mg R (%)

o
HR tR WL DR 2

_ 29,058(1.02&)+ 255.9(.812)(2.118 x 106)
Jholk( L hak) 2(1.222 x 107
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oy = 175,700 + 18,000 = 191,700 psi
R

Hoop filament stress

R _ 191,700 .
O = = :2
. Pvg 571 86,000 psi

Meridian composite stress (outside surface)

S
LR tR tR2

29,058  6(122.7)
HO% T o)

1

o 71,900 + 4500 = 76,400 psi

Ly

Filament stress (outside surface)

97,
R 3 76,400

P = P)
Pvg cos” o 6T7(.60738)

O'f—

op = 309,100 psi

All stresses are less than the allowable ultimate
strength of the S—glass/epoxy composite for this particular design.

b Ring Deflection at Ry

The deformation of the liner at the bend radius, Ry,
(transition from plate to cylinder) is required for later calculations of com-
posite/liner strain compatibility. Because the elastic properties of the ring
vary across its width due to filaments oriented at various angles, assumptions
must be made in order to define the expected deflection at RA.*

¥
Refer to Figure 12 for definition of geometric and load parameters.
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It is assumed that the radial deflection at R, is
caused by the total load, Hy = Nj cos ¢ + Hp, acting at radius, Rp, and may be
expressed by the relation

>
Ry [ 2Ry

AT 5 3
B \& -’y

The deflection is now only a function of the effective extensional stiffness,
BHR’ of the ring.

_ _ (0]
(1) Assume o =0 = 52.6

The extensional gtiffness is

B, =/[B = 5.24% x 106(.uou) 2,118 x 10° 1b/in.
Hp  {"HyJp

and, the deflection is

2
5 = 29,058(.6)(2)(1.024) - 0.025 in.

A 2.118 x 106 [El.o2h)2 - (.6)%]

The hoop strain is

= Qfggé = 0.042 in./in.

m
L
e I

(2) Assume Q= 90° (ring is all hoop wraps)

The extensional stiffness is

By = 8.308 x 106(.hoh) = 3.356 x 106 1b/in.
R

and, the deflection is

_ .025(2.118) .
8A = —3%?6——)- = 0,016 in.
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The hoop strain is

_0.016 s
HA ==z = 0.027 1n./1n.

€

(3) Assume €. =€

q = 0.028 in./in.

p Hp

The deflection at RA is

6, =€_R
A HA A

= 0.028(.6) = 0.0LT in.

and, the resulting effective extensional stiffness is

6
_ +025(2,118 x 107) _ 6 ‘
BHR = o = 3.115 x 10" 1b/in.

The effective modulus of the ring is

6

3,115 x 10~ 6 .
EH -LO_.-TO-E—_—_'T'T:LX:LO psi

R

Since assumption (3) provides an effective modulus
midway between the actual values at Ry and Rp, the values of strain and deflec-
tion which correspond to this modulus will be used.

3. Boss Material Properties

2. 1100-0 Al uminum

Ultimate tensile strength, Fiu = 13,000 psi
by = 5000 psi

Ultimate tensile strain, €, = 0.20 in./in.

Tensile yield strength, F

Elastic Poisson ratio, Vg = 0.3

= 0.5
b6
Elastic modulus, E = 10 x 10° psi

Plastic Poisson ratio, v

Determination of the uniaxial plastic modulus was
based on the following egquation
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E = tu ty
p €p

4 |
Foy —| —
Foy —|— Ep
| |
E ! l
' .
B
—~—p E L( €p )J )
— y ——

From the diagram

Foa™ Tt
E = ——E;__F_X
b

€ - ¥

tu B

For the 1100 material
E = (13,000 'Sgggol = 40,100 psi
P 0.20 -
10 x 10

If the material is subjected to a 1l:1 biaxial stress
field, the strain equation in the plastic region can be written
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i Fty (1 - VE) ) (o - Fty)(l - yp)
€= E i
i

_ 5000 (1 - .3) . (¢r - 5000)(1 - .5)
10 x 106*7 k.ol x 10

1.247 x 107 o - 0.062

m
it

It is interesting to note, that by this method at the ultimate strehgth of
the material (o = Ftu) the biaxial strain equals one half the ultimate uni-
axial strain.

b. 2219-T87 Aluminum

Ultimate tensile strength, Ftu = 70,000 psi
by = 535,000 psi
Ultimate tensile strain, €, = 0.10 in./in.
Elastic modulus, E = 10 x 106 psi

Weld joint efficiency = 57%

Tensile yield strength, F

The plastic modulus is determined, as above, from the equation

0,000 - i
E = (70,00 256880) = 179,500 psi

P 0.0 - —ELJ———Y;

10 x 10

The strailn equation in the plastic region due to a uniaxial stress field

@;L = 0.0) is '

. - Fty . GTH - Fty)
H E E
iy

(o, - 53,000)
535,000 + H

€ =
B 10x10°  1.795 x 107

m
]

0.557 x 10"50h - 0.290




L, Flange Design

Require that the flange of the boss must have the same rota-
tion as the composite ring portion of the head. Thus, the reaction load may
be assumed to be distributed uniformly over the flange bearing area and Case

21 of ref. T applies.

Ri fe—
| 4 LI
iiﬁg_ Al -2219
—
Ry :_l

Ry

. 5=AZWRD5’ Ay = € <:BP.>

op = 4.60 x 10’6 p = 4.60 x 10'6 (3000)
oy = 0.0138 rad
R, 2 2
P 3000 (.6)°
W=7 2~ 2 2
Ry - R, (1.024)° - (.6)
w = 1568 psi

Ao = L0694 + 1579 (-—-?%l> = 0.1348 (ref. T, p. 2k1)-

by




3 ,
4, 2 = A8 QoO8L0M) _ 4 oengh 1.7
& 10 x 10~ (.0L38)
tfg = 0.118 in.
Check bending stress
2
. Boy ¥ By
B~ 2
tfg
_ 207\ _
By = 0.0 + 0.6k (————.5 ) = 0.675
2
- 0.675 (1568)%.021») - 79,700 psi
(0.118)
WS =B p 2 5300 g
Ve T 7% ~ 9,700 =

Therefore, a concentrated load must be used. Use Case 22 of ref. T, with the
requirement of matched rotations for design only.

. 322" %
fg E@R
. 2
W=px RA

W = 3000 = (.6)2 = 3400 1b

Ao = 1052 + .1338 (-—291) = 0.207k

22 )

Lo




8, =1.35 x 10”6 p = 1.35 x 1076 (3000)

0.00405 rad

i

v 3 - =207k (3h00)(1.02k)
10 x 10° (.00k05)

fg = 0.0L783

t. = 0.26L in.
fg o=

Check bending stress

_ =207\ _
Bop = 428 + ,325 ( ) = 0.563

)
oy = 0.563 £52091~= 28,100 psi
(.261)
The margin of safety is
_ 53,000 _
M.S. = m - 1 = +0.89

5. Hinge Design

A model of the proposed hinge is shown in the following
schematic

3
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The effect of varying the thickness of the hinge, ton, on the resulting
stresses was determined by a detailed analysis and results are contained in
the appendix. Assuming a weld occurs at the fixed point of the hinge, the
allowable tensile yleld strength of the 2219 aluminum alloy is

(F = 0.57(53,000) = 30,000 psi

ty)weld

Inspection of the table of results in the appendix indicates that a hinge
thickness of 0.15 in. should be adequate for this application.

Qe Stress Analysis

Since the hinge (A1-2219) and the liner (A1-1100)
bend together with the application of pressure, the total thickness of the
combined materials must be used in stress calculations.

t=%t, 4+t

11 + bop = 0.15 + 0.05 = 0.20 in.

Assuming the A1-1100 is in the plastic range and the Al-2219 is elastic at the
design pressure of 3000 psi, the flexural rigidity of the equivalent hinge is

3
D = SET ~ —_— B
12 (1 - v3): /2219

p - 0% 10° (.15)°
B 12 (.91)

= 3091 1b-in.%/in.
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The stiffness is

spe (EBlopg
5 v 2
R R

k =

and the beam characteristic is

Eﬁ R t

(l-v]!
2219

The neutral axis of the hinge referenced to the inside surface of the 1100
liner is

Y o~ 522 = 0.125 in.

The basis for all of the above approximations is that the ratio of the modulii
of elasticity of 2219 (elastic) and 1100 (plastic) is

Boo 4 x 100 )

E = '% = 0.00

1l 10 x 10

(1) A1-2219, Meridional Bending Stress

. - MY - ty,) Epy

Ly - D
o o 7.3 (125 - .05)(10 x 1061

Ly 3001
GIB = 18,800 psi

k5




The margin of gafety is

M.5. =

(2) A1-1100, Maximum Meridional Stress

Using the results of Section V-A-2-b, which
defines the strain at Ry = 0.6 to be the same as the strain at Rp = 1.02k

and the results in Section V-A-3-a, which defines 1100 liner strain, under a
1:1 biaxial stress field, to be

€ =1.247 x 10" 0 - 0.062
the stress in the 1100 at RA becomes

(e + 0.062\ x 10°
Hp,

o =0y =
LA HA 1.207
For, €, = 0.028 in./in.
ip

_ (028 + .062) x 10°
L T.oh7

= 7220 psi

Agssuming that the load in the liner is transferred around the corner at R B
then load equilibrium requires that the direct (membrane) stress in the lﬁOO
at the weld be proportional to the stress at Tpo

T Y
and
o "
L. A
op = = 722°é§02) = 2890 psi
Ly 11 .

S




The maximum bending strain in the Al-1100 at the

weld is
'y
€L =-]~)-
¢ = 77'goéi25 = 313 x 1077 in./in.

and the corresponding stress at this strain level is

(226800 s

oy,

The maximum combined meridional stress is

o = 5200 + 2890 = 8110 psi

L
max

The margin of safebty is

be. Deflections and Rotations

The equations developed in the appendix are used to
check the deflections and rotations of the hinge.

(1) Fixed End (Weld)
5 = 3000(.6)2 ___1.606(635) N 2.,020(77.3 -0
10 x 106(‘15) 2(3001)(18.62) "~ 2(309L)(18.35)

o =7ﬂ>_’2%_6%§l_7 _1.935(77.3) _ o
2(3001)(18.55 . 284 (3001




(2) Free End

c,t c.t

3 5
5 e b !
5 _ _3000(.6)° _ 0.752(635) 1.749(77.3)

10 x 106(_15) 2(3091)(78.62) ~ 2(3091)(18.35)

5 = [0.720 + 0.982 - 1.192] x 1072 = 0.510 x 1077 in.
0" cg'

0 = L-Tho(635) _1.505(77.3%
2(3091)(18.35) ~ L.28K{5091

= [9.790 - 7.606] x 1073 = 2.184 x 10°3 rad

©
|

© = 0.12 degrees

6. Friction at Liner to Boss Flange Surface

During vessel pressurization, the Al-1100 liner must slide
on the order of 0.017 to 0.025 in. at the burst point of 3000 psig. The slid-
ing should be a linear function of pressure, as should the friction force
between the two surfaces. The normal force, N. ., between the liner and flange
is due to the pressure acting over the port area only. The friction force,
Fgp, may be expressed as

Nfr

il
Lo}

)

td

The maximum value of the normal force is

Nyay = (3000 psi)(xn)(0.066 in.)2 = 3380 1b

The load carrying capability of the 0.010-in.-thick liner, L, at the Ry
diameter is

L8




£
1t

@) () () (2Rp) = (5000 psi)(0.0L0)(xw)(2)(1.02k in.)

3220 1b

1

The coefficient of friction, p, aluminum-to-aluminum is greater than 1.00,
while p between Teflon and aluminum is about 0.OL.

If a Teflon coating is applied to one of the aluminum sur-

faces, the friction force will be reduced from a value of over 3380 1b at 3000
psi to

Fo,. = WN, = (0.04)(3380) =130 1b

B. MATCHED ROTATION FLANGE BOSS
Basic features of this boss design concept are shown in Figure 17.

1. Design Assumptions (see Figure 18)

Bie The A1-1100 metal shell gradually increases in thick-
ness from 0.010 in. to 0.050 in. at the weld radius (R,).

b. An A1-2219-T87 boss flange of thickness, tfg’ is joined
to the metal shell by means of a weld at R,.

Ce. The A1-1100 metal shell plastically deforms with the
filament-reinforced composite, but the more rigid Al-2219 resists deformation,
causing a mismatch of rotations between the composite ring and the metal flange
for all radii less than R,.

d. The total boss load is concentrated on the reaction
circle defined by the weld radius, R,.

2. Composite Ring Rotation

In order to calculate the rotation of the composite ring,
the load model (see Figure 18) must conform to the model established in
Section IV.

ho




S
A

Vg Rk '
A - [ S—
W ___RA__. e Lg____
No. 1, Actual Applied Loads No. 2, Equivalent Load Model

The equivalent load model is found by replacing the concen-
trated load (Vg) and pressure load (p) with a single concentrated load (Vy) at
a distance (e) from the inside of the ring; the distance (e) establishes an
equivalent moment system

ZMi = ZM2

R+ Ry R, + R)
W w
VeR, (RW - RA) +vp <————-—-—-—2 -RA> (—-—————-—2 >=VAe (RA+e)

where
pRD2
Yo T B(E, + o)
2
pnR- PR
VR=Fw R~ 2
2 2
p x (R,” - R)
"p ~ <RD+RW) p (R, - R;)
2 x
2
and, by substitution, the distance, e, is found to be
R+
1 |2 2 o (B * Fp
€= ;;5 Re (Rw - RA) * (RD - R, ) ( 2 - RQ)
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With

Ry = 1.024 in., R, = 0.6 in. and R, = 0.995 in.

e — 2 + Se 2. . ° |32 - :
" T (.995)7(.295) El 02k)= - ( 995)] [ 5 6:‘

e = 0.396 in.

From Section V-A-2, the ring moment and shear at the burst pressure are

=2}
i

p = =3000 [.5811(.596) + .9555] = -3259 1b/in.

3000 [.2869(.396) - .1017] = +35.T3 .%.‘13.11_'.1.?.

"p

and the ring rotation is

GR = [%.268(-3259) + 56.59(55.73%] X lO"6 = 0.00538 radians

3. Bending Stress at Root of Flange

The thickness of the flange required to match the rotation
of the composite ring at R, is calculated in accordance with formulas described
on page 242 of ref. T (Case 22).

1/3
. - Aop W R
fg EO

R

where
W=p xR =3000x (.995)% = 9351 1b

and by interpolation

t=v]

wo_
ﬁ“‘ had 10658

s
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.158

A= 0.1052 + (.2%39 - .1052) %

oo = 0.1475

The flange thickness is

1/3
o, - o.1h75(9251)(-99§) = 0.29h4 in.
g 10 x 10°(.00538)

and the maximum bending stress is calculated from the formula

Bop W
g = 2
o
With
By = 0.428 + (.753 - .128) ;%2§ = 0.531

the bending stress is

5 = ——~—Q——)-°'f532' 1321 = 57,300 psi
29

and the margin of safety is

_ 10,000 . _
M.S5. 37%365 1 0.22

|

L, Strain Analysis

It is assumed that a bond does not exist between the composite
ring plate and- the Al-2219 portion of the boss flange at the burst pressure; the
Al-2219 flange does not restrict the strain of the composite ring plate. It is
further assumed that a bond does exist between the A1-1100 metal shell and the
composite sghell up to some point located near the weld. These assumptions
imply strain compatibility and load equilibrium between the Al-1100 and the
composite shell, and load transfer only from the Al1-1100 through the weld into
the A1-2219. The resulting calculated values for strain in the Al1-1100 will be
the maximum expected values.
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The equation for the tangential strain of the ring-plate is

_CTt Oy
% “E " Vrt E
t T

and, the radial strain is

€ = or
T E

Neglecting the low bending moment, the applied tangential and radial stresses
are, respectively,

) HT RD2 (R2 + BAE)

o’ =
t 2 2 2
R™ t (RD - B, )
2, 2 2
. Hy Ry (R® - Ry )
r

2 ) )
Rt (RD - R, )
a. Ring-Plate/Shell Junction R = Ry

H, = 2.9 x 10 1b/in.

T

il

t = 0.404 + 0.050 = 0.454 in.

The applied tangential stress is

2.9 x 10" Bl.oeh)e + (-6)é]

D 0.45k [(1.02&)2 - (.6)2]

Q
|

= 130,700 psi
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and the radial stress is

_2.9x th

GfD T T 0.45k

= 63,900 psi

Based on & wrap angle of 52.60, the orthotropic properties of the filament
composite are

0.45 (8.47 x 106) 3.8 x 106 psi

E, = =

E, =032 (8.47 % 106) =2.71 x 100 psi
VI‘JG - O.L‘-

Vip = 0.6

Assuming the Al-1100 is in the plastic range, the properties are

E 6

0.04 x 10° psi

v = 0.5
The corresponding properties of the total composite are

[3.61(.k0k) + .0b(.05) x 10P
t 0.454

3.39 x 100 psi

[2.70(.bok) + .ok(.05)) x 100
T 0.454

2.h2 x 100 psi

il

_ 3.81( o) (b)) & .ok(.05)(.5)
Yyt 5.8L(.0F) + .0k(.05)

= 0.4

5k




_2.71(.bhok)(.6) + .Ok(. OSM 5)
Vir © D.7L(.LO) T .OL(.05)

0.6

il

The tangential strain is

. _13.0Tx 1072 .4(6.39 x 107%)
ty ~ T 5.39 2.h2
€, = 0.0280 in./in.

D

and the radial strain is

_6.39 x 1072 .6(13.07 x 1072)

‘rD 2.2 3.39

€. = 0.00327 in./in.
D

It should be noted that both these values fall within the plastic portion of
the stress/strain curve for A1-1100, but neither value is greater than the
ultimate strain capability (€., = 0.2 in./in.) of the material.

b.  Al-2219/A1-1100 Junction R = R,

The applied tangential stress is

2.9 x 10%(1.024)2 [(.995)2 + (.6)7]

T hsh(.995)2 [(1.020)2 - (.6)7]

= 132,700 psi

q
ot
I

and the radial stress is

2.9 x 10”(1.02&)2 [(.995)2 - (.6)2]
g =
Yo hsh(.995)2 [(1.024)2 - (.6)2)
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g, = 61,900 psi
W

With a wrap angle of 5%.80, the filament compogite properties are

=
il

0.48(8.47 x 106) 4,07 x 106 psi

t

E_ = 0.31(8.47 x 106) = 2.63 x 10° psi
Vg = 0.38

Vip = 0.6

The properties of the total composite are

6

g - [.07( . hok) E.i%u%o'ﬂ] x10% 5 106 psi
6

B - [2.63(. ko) 8.&?3('053 x 107 _ 2.3h x 100 psi

4.07(.hok)(.38) + .04(.05)(.5) _ (. 5g

Vet = .07 . 4OF) + .OE(.05) -

L 2.63(.hom)(.6) « .OM(.05)(.5) _

tr 2.65(.hok) + .o4(.05)

The tangential strain is

_13.27 x 1072 .38(6.19 x 1072)

t %.63 2.5h
e, = 0.0265 in./in.,
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and the radial strain is

_6.19 x 1072 0.6(13.27 x 1072)
r.  2.3% B 5.6

€. = 0.00452 in./in.
I.W

In order to determine the strain of the Al-2219 flange,
the load transmitted through the weld must be determined. This load is
dependent on the resultant stresses in the A1-1100; the stresses can be
determined from the strain equation in Section VI-A-3 modified to aeccount for
an unequal biaxial stress field. The resulting egquations are

m
Il

- 0.062 + 2.49 x 107 (0 - .54.)

- 0.062 + 2.49 x 1072 (g, - 5qy)

m
]

Substituting the calculated values for strain into the equations and solving
the equations simultaneously results in the following stresses

o, = 6512 psi

o, = 5921 psi

Since the A1-2219 is the same thickness as the A1-1100 at the weld, these are
also the values for applied stress in the Al-2219. The resulting strains are

_ 6512 - .3(5921)

€
tW 10 x 106
€, = 0.00047 in./in.
W
and
e = 5021 - .3(6512)
T 10 x 10°

)
it

» = 0.00040 in./in.

o7




Comparison of these strain levels with those calculated for the Al-1100 leads
to the conclusion that, in the area of the weld, the Al-2219 flange is rigidly
restrained as the Al-1100 deforms plastically.

c. Ring-Plate Inside Diameter (R = Ry)

Although the composite ring-plate does not influence
the strain of the Al-2219 flange, based on the initial assumptions, it is of
interest to know the expected value of strain at the inner surface of the
ring-plate.

For a wrap angle of 900, the orthotropic properties of
the filament compogite are

| E, = 8.h7 x 10° psi
E, = 3h(8.h7 x 106) - 2.88 x 10° psi
Vet = 0.08
Vi, = 0.25

The radial stress (0}) is zero and the tangential stress is

2.9 x 10M(1.024)2(2)
A 0.kok [(1.02&)2 - (.6)?3

218,600 psi

o
[

The tangential strain is

-2
- 21‘83 ﬁTlO = 0.0258 in./in.

A

€

and the radial strain is

__0.25 (2.8 x 1072)
€p T 847
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€. = = 0.00645 in./in.
A

The relatively large tangential strain of the com-
posite ring-plate compared to the low strains associated with A1-2219 flange
indicates the shear distortion required of the bond material. This shear
distortion coupled with the peal action induced by the mismatch in rotation

of the flange and the ring-plate at R = Ry, Tends to justify the assumed non-
existence of the bond at the burst pressure.

9




vIT. COMPLETE VESSEL DESIGNS

A ATLUMINUM LINER WITH PLASTIC SPRING BOSS
The boss design developed in SectionVI was incorporated into the
vessel membrane design of Section ITI, to result in the vessel liner design
shown in Figure 19.

B. ALUMINUM LINER WITH MATCHED ROTATION FLANGE BOSS

Figure 20 shows the liner design resulting from incorporation of
the boss design of Section V into the vessel membrane design of Section III.

C. COMPLETE VESSEL
Figure 21 presents the complete design configuration for the

aluminum-lined glass-filament-wound vessel, incorporating either the plastic
spring boss or the matched rotation flange boss.
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VIII. SUMMARY OF RESULTS

A method was developed for analysis and detalled investigation of the
dome ends of metal-lined glags-filament-wound vessels in the vicinity of an
axially located polar boss. It represents an extension and supplement to the
methods generally used for membrane analysis of filament-wound composite pres-
sure-vessel shells (domes and cylinder), and for discontinuity analysis of the
dome-to-cylinder Jjuncture.

The analytical method was developed for and applied to a specific pres-
sure-vessel design configuration: a 12-in.-dia by 18-in.-long closed-end,
cylindrical, glass~filament-wound vessel lined with 0.010-in.-thick aluminum,
with aluminum polar bosses with diameters equal to 10% of the vessel diameter
located axially on each dome end, designed for a burst pressure of 3000 psi
at 75°F. First, criteria for the pressure-vessel design were reviewed and
available glass-filament strengths established for the longitudinal and cir-
cumferential windings. A membrane anglysiswes then conducted for the cylindri-
cal section and the vessel domes from the dome-to-cylinder Jjuncture up the
head to the vicinity of the axial polar boss using a previously developed
computer program. A head-to-cylinder discontinuity analysis was then performed
to determine forces and moments at the juncture and maximum stresses. The
maximum stress due to the discontinuity was only 0.8% higher than the membrane
stress. Following this, the vessel filament winding pattern was determined.

Then the metal-lined glass-filament-wound vessel domes were characterized
when subjected to internal pressure and boss reaction loads with emphasis on
the axial polar boss regions. The meridional wrap angle as a function of
normalized radial distances is shown graphically; most of the vessel head had
wrap angles less than 20°. Normalized hoop radius of curvature and normalized
filament-wound composite thickness are presented graphically as a function of
wrap angle. Elastic properties, deflections, rotations, and strains were
determined by orthotropic analysis and netting analysis.

It was from orthotropic analysis that the glasgs-filament-wound dome had
an increasing strain up the dome; at the point where the metal liner-to-boss
transition would be located, the strain was 11% greater than at the equator.
The maximum meridional strain occurred on top of where the boss would be
located and was 50% greater than at the equator.

Netting analysis resulted in essentially constant meridional strain up
the dome.

Although radial deflection could be computed easily, the deflection in
an orthogonal direction was needed to locate the deflected point in space;
the equations governing this orthogonal deflection required extensive numeri-
cal solution. TInstead, empirical data on dome deflections were reviewed. It
vas determined that, for glass filament-wound vessels, two zones of approxi-
mately linear load vs deflection exist due to the departure from orthotropic
properties with increasing strain; above the transition load (approximately
25% of ultimate) where crazing initiates, the deformation behaves as predicted
by netting analysis. Above the crazing threshold, deflections of points on
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the domes were essentially normal to the unpressurized surface. Based on
thig, it was determined that the netting analysis should be used for glass-
filament-wound vessels for establishing strains, stresses, and deflections.

In the area of the dome immediately adjacent to the boss, the composite
thickness increases rapidly, and discontinuity forces and moments exist here
due to changes in section properties and curvature, necessitating a discon-
tinuity analysis of the section. The discontinuity analysis analyzed the
filament-wound composite buildup at the boss as a ring-plate and accounted
for the flange bearing loads (distributed or concentrated) of a free-floating
boss. Ring loads, deflections, and rotations were determined. The results
were almost independent of the theory used to establish elastic properties.
Radial deflection at the composite ring-plate-to-membrane juncture was inde-
pendent of the type of flange bearing load (distributed or concentrated) and
its position, but rotation was strongly influenced by the magnitude and point
of load application. For example, at the vessel design burst pressure, the
radial deflection was 0.04O in. (i.e., the "slip" between the free-floating
boss flange and composite ring-plate is 0.040 in.); the rotation of the com-
posite section at the junction ranged from 1.5 and 3° depending on location
of the bearing load. Since results of the discontinuity analysis were inde~
pendent of theory used to establish elastic properties, 1t was concluded that
netting theory properties are sufficient for establishing vessel designs.

Axial polar-boss design concepts for metal-lined glass-filament-wound
vessels are reviewed. Detailed structural analysis and designs for two
selected metal polar bosses are then presented: (1) a boss with matched
rotation flange butt welded to the aluminum liner membrane, and (2) a plastic
spring boss in which the thin liner extends into the opening in the filament-
wound composite at the axial port and another boss member is provided to take
out the boss reaction load. These designs were incorporated into the membrane
analysis pressure-vessel designs were established during initial portions of
the work. These configurations have been gelected for evaluation by means of
fabricating and testing pressure vessels.
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TABLE 1.

DESIGN CRITERIA

12-in.=dia by 18-in.-long Aluminum-Lined Glass-
Filament-Wound Pressure Vessels

Geometry and Pressure

Diameter, in.

Length, in.

Polar Boss Diameter, in.

Metal Liner Thickness, in.

Design Burst Pressure at T5°F, psig
at -320°F, psig
at -423°F, psig

Material Properties

Density, 1b/in.>

Coefficient of thermal expansion,
in./in. ~ OF at +75 to -L23°F

Tensile~yield strength, psi

Derivative of yield strength with
respect to temperature, psi/CF

Proportional limit, psi

Derivative of proportional limit
with respect to temperature, psi/CF

Elastic modulus, psi

Derivative of elastic modulus with
respect to temperature, psi/°F

Plastic modulus, psi

Derivative of plastic modulus with
respect to temperature, psi/OF

Poisson's ratio
Derivative of Poisson®s ratio with
respect to temperature, l/OF

Volume fraction of filament in
composite

Longitudinal filament, design-

allowable stress, psi at +T5OF
at =3200F
at -423%F
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12.000
18.000
1.200
0.010
3000
5750
5750

Al uminum Glass~-Filament-
1100-0 Wound Composite
0.102 0.072
8.910 x 10-0 2.010 x 10-6
8,000 -
_7,9 -
5,000 -
_7.9 -
10.25 x 10° 12.4 x 106
-1382 -2410
116,500 -
-516 i}
0.325 -
0.201 x 10-% -
- 0.673
316,000
395,000
- 595,000
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g

Degree

3.8

to
21.5
25,25
25.21
26.5
28.00
32,42
35.89
37.0

to
90.0

TABLE 3. LINER THICKNESS

@@l@

1.0
o
0.276
0.254
0.235
0.225
0.213
0.187
0.171

0.169

}—————»x

SCHEMATIC OF METAL BOSS

1.655
1.52k
1.40
1.347
1.278
1.122
1.026

1.015

0.010

0.013
0.020
0.025
0.038
0.1%2
0.302

0.392
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@ ——% Regions

g

1.000

1.300
2.000
2.500
3.800
13.200
30,200

59.200

Region

@to@
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TABLE 5.

FILAMENT-WOUND SHELL
WITH PLASTIC ALUMINUM LINER

(Modulus Based on Orthotropic Theory)

o, degree

3.82
6.03
7.21
8.39
9.89
11.64
15.10
18.84
21.5
23.25
25.21
26.5
28.0
32.42
35.89
37.0
hi.12
50.13

90.00

(Ficte Paofn ) (43/s,)

C

S I N e R N S S S e i o e

.000
.108
.232
.398
639
.885
.348
.T22
.956
.086
.198
.258
.325
418
.515
541
.562
hoz2

.Ok2
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1.

.000
.996
.006
.008
.005
.02k
.05k
.108
143
162
.192
202
233
.310
1.
1.
1.
1.

337
339
376
L3l

Lgh




TARLE 6. FILAMENT-WOUND SHEIL
(Modulus Based on Netting Theory)

Erp/PopFe _EL_L___ ELLZh . e

degres - LL h /L
Lo, cegr cos o CcOoS o 0o 0 © o)
3.82 0.99778 0.996 1.000 1.000 1.000
6.03 0.99k4h7 0.959 0.993 1.102 1.002
T.21 0.99209 0.98k4 0.988 1.238 1.001
8.39 0.98930 0.979 0.983 1.lax 0.999
9.89 0.98514 0.97L 0.974 1.650 0.998
11.6k4 0.979kk 0.959 0.963 1.938 0.996
15.10 0.96547 0.932 0.936 2.490 0.99k
18.84 0.946k42 0.896 0.899 3.040 0.992
21.5 0.930k42 0.866 0.869 3.406 0.992
23.25 0.91879 0.84k 0.848 3.621 0.991
25.21 0.904T5 0.819 0.822 3.863 0.987
26.5 0.89493% 0.801 0.80k 3.996 0.996
28,0 0.88295 0.780 0.78% b1l 0.990
32,42 0.8441h 0.713 0.715 4, 5025 0.990
35.89 0.8101k 0.656 0.659 b, 753 0.989
37.00 0.79864 0.638 0.640 4,800 0.988
.2 0.75333 0.568 0.570 L, 962 0.988
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TABLE 7. FIIAMENT-WOUND SHELL
WITH ETASTIC ALUMINUM LINER

(Modulus Based on Netting Theory)

Bretne / Bre e (‘ L /ﬂz)
o) le) o/ C

o __degree

3.82 1.000 1.000
6.03 1.083 1.019
7.21 1.194 1.038
8.39 1.335 1.055
9.89 1.529 1.077
11.64 1.764 1.094
15.10 2.213 1.118
18.84 2.661 1.13k4
21.5 2.958 1.143
23.25 3.189 1.125
25.21 3.516 1.08k4
26.5 3.718 1.070
28.0 4.080 1.005
32.h2 6.139 0.730
35.89 9.486 0.496
37.0 11.198 0.423
hi.12 11.330 0.433
50.13 10.724 0.45h
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TABLE 9.

(RING PLATE WIDTH = .k2b in.)

Orthotropic Theory

CALCULATED PARAMETERS AT RING-PLATE/SHELL
JUNCTURE OF VESSEL SHOWN IN FIGURE 2

e, in, -6 -6
Iocation of Load, V, B%/P* HD/P* NL/P 8/px10 6 /px10
b /s in./psi rad./psi
-~ /PS1
in,
0 Ioad acts at -.0955 -6.593 +1h4.1 +12.2 -16.0
root of flange ‘
212 Distributed Load, =-.0130 -6.638 +12.1 -12.5
Resultant acts
at C.G of Ring
246 My = 0 0 -6.645 +12.1 -11.9
Lok Load acts at +.0694 -6.682 +14.1 +12.1 - 9.1
discontinuity
Netting Theory
© | 6 -6
Location of Load, V), MD/p* : HD/p* NL/p 6/px10” 6/px10
1b /oes in./psi rad./psi
in.
0 Load acts at 21150 -6.720  41k.1  +1h.h -16.0
root of flange
212 Distributed load -.0281 -6.781 +14.3 -12.6
246 For comparison -.0141 -6.790 +14.3 -12.0
only (see ortho)
Lok Load acts at +.0588 -6.841 +1h.2 - 9.2
discontinuity
.280 My = 0 0 -6.800 +1kh.1 +14.3 -11.5

* MD/p and HI/p are each in units of in,=-1

in,

i

/psi and lb /bsi respectively.
in.
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Figure 12, Model of Axial Port Region of Metal-Lined Filament-Wound Vessel Dome
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Kk, (E)yennn,
K2 (£), Wy(€)

k

APPENDTX A

SYMBOLS

Definition

cross section of 20-end roving
chamber radius

extensional stiffness

(Bp? + Ra®)/(Bp® - By?) - v
flexural rigidity or diameter
modulus of elasticity
distance defined in Figure 12
allowable ultimate strength of filament
friction force

horizontal force

total load per inch

moment of inertia

design factors defined in text

functions defined in ref. 8
foundation modulus

total vessel length

total cylinder length

number of hoop layers

number of longitudinal layers
bending moment

membrane force

number of revolutions

number of strands per tape, longitudinal

ok

Units

in.2
in.

1b/in.

1b-in. or in.
psi

in.

psi

1b

1b/in.

1b/in.

in.5

1b/in.>
in.

in.

in.-1b/in.

1b/in.
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ct

S,

s,h

E§ z < o

=
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SYMBOLS (cont.)

Definition

number of turns per revolution
number of strands per tape, hoop
turns per inch of cylinder
glags filament fraction in composite
internal pressure
radius
radius of curvature in meridian direction
radius of curvature in hoop direction
temperature
thickness
hoop composite thickness
longitudinal composite thickness
thickness of single layer of longitudinal composite
thickness of single layer of hoop composite
influence coefficient for deflection
shear force
total applied load
winding tape width
distributed load
radial coordinate
(D, + 1.57 Wp,)/2
axial coordinate
distance to neutral axis
x/a,
95

Units

in.-1

psi
in.
in.
in.
deg. F
in.
in.
in.
in.

in.

1b/in.
1b
in.
1b/in.

in.

in.

in.




SYMBOLS (cont.)

Greek Definition Units
o4 angle between filament path and meridian direction degrees
g influence coefficient for rotation

Boy influence coefficient (ref. T, p. 215)

Bos influence coefficient (ref. T, p. 215)

) radial deflection ] in.

€ strain . in./in.
€4p space between tapes in.

© rotation ‘ radians
A beam characteristic in.~1
AQl influence coefficient from ref. 7, p. 215
'A22 influence coefficient from ref. 7, p. 215

3} coefficient of friction

v Poigson's ratio

£ = Ag Va2

o stress

central angle subtended by circular opening at

vertex radians
Subscripts
A location defined in figure 12
B due to bending
b boss
c composite
¢ cylinder
D location defined in figure 12

96




SYMBOLS (cont.)

Subscripts Definition Units
E elastic condition

F filament composite

f filament

fg flange

f,h hoop filaments

£, longitudinal filaments

H hoop direction

3131 hoop direction, hoop composite

HL hoop direction, longitudinal composite
J311 hoop direction, metal liner

h filement composite head

i inside

L longitudinal direction

LH longitudinal direction, hoop composite
LL longitudinal direction, longitudinal composite
M longitudinal direction, metal liner

M metal liner

0 at tangent plane

P due to pressure or plastic condition
R ring

r resin or radial direction

t tangential direction

tu ultimate tensile

ar




SYMBOLS (cont.)

Subscripts Definition Units
ty tensile yield

W location defined in figure 18

11 refers to A1-1100 alloy

22 refers to Al1-2219 alloy
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APPENDIX B

SHORT CYLINDER ANALYSTS FOR HINGE DESIGN

The purpose of this analysis is to provide equations for determining the
effect of thickness on stresses, strains, rotations, and deflections of short
cylinders rigidly fixed at one end.

At the fixed end of the cylinder

2 C., V C. M

s _PR- & __3 -2

ap T Bt Sv - ? Bm - 2
,) 2D A 2D A
(K
- c, v c, M

s o %

- 2
v 5D AE m AD

Note: See Reference T, p. 297 for c; = £(AL)

(g? e -0 =0 no rotation
o v m

R
| - = :
(é/ 8p + Bm 5v 0 no deflection

Shear load in terms of bending moment is

The bending moment is

C\
—C—E}AM

@ 2 ,\2 D BP
P M=
2 C5C6 - ChC5
€y
let
. 2 CBC6 CMCB
T C
L
Where
Ah _ 3 {1 - V2
R® 42

*
Reference 7.
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b
o - Et ~
)

12 (1 -v

Meridional Bending Stress
1/2

2
Lo PN 8, 1w 50 - P R
Po 2 ¢, 52 o 2 12(1 - v2) Rt Et
o ={ > )1/2 PR

¢m 1 - v2 CT t

Direct Hoop Stress due to M

i
2 ) L AT RD 5p )

s o 2A° RN __12 (1 -v®) RE pR°
% K Cr ® C, RZ £° 12 (1 - v9) Bt
o = PR
o “C. %
m T
Hoop Mewbrane Stress
- PR
% =%
D

Hoop Bending Stress

¢m 1- v2 CT K
Direct Hoop Stress due to V
8 Ah RDC, §
- A=2)\RV= 6 %p
Qv t Ch C7 t
2cC
g =——j(7
2] C 2]
v L m

20
% =( C g ) £
v b7
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Maximum Combined Hoop Stress

09 = 0@ + Oy =~ Ty + Vo¢
max D m v m
2C
R 3
[¢2 = C + 1 - iV(
Omax CT v Cy 1-vp
Deflection
2 C, Vv C_. M
SRR __5 4 2
Bt 2D A5 2D e
Rotation
o Ch v i C6 M
5D A2 AD

The deflection and rotation at the free end are

2 o' v ) jcg'| u

5= R

Bt 2D N, 2D G
oo o |V % | M

5D )‘2 AD

The preceding equations are now used, in the section that follows, to de-
termine the effect of cylinder thickness, t, on stress and distortions of the

short cylinder. F‘—‘—‘R‘—‘4
—{t =
I\E, 4 —4/-',.’:/‘";\\ v
+ji) =
L P
+ § <
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Find effect of "t" on stresses for the following fixed parameters

L = 0.3 in., R = 0.6 in., p = 3000 psi
V=0.5,F =10 x 10°
1/2
3
0_ _ 3000 ('6)(T§I) 3269
Pmax C7t CTt
3000(.6) Cy - 2C 3 1/2}
M b S B 3 | 91) |
max 7 N . |
1800 | ( 2 Cg = Gy
o = c, - + 0.545
max  C7° {7 Cy, }
o - 20006) | 3 31/2,6 ks ¢
07 .91 CT
c 1/b
__b 1 1/2 .1/2
V= c,C (3(.91)) 3000(.6)7" < ¢
T
1809 ¢
V- ot 62
LT
A=l [.5(.91)11/4= 1.659
ORI
. 2 C,C4 - C)C,
T Ch
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002 | 00902 wmwnu T el | sgo | usoT | se6'T | ozoz | 909°T | SetT | meem | ST
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Subscripts

m

APPENDIX B SYMBOLS

coefficients defined in Reference 7
coefficients defined in Reference T
(2 05C6 - cuc5)/2

modulus of elasticity

cylinder length

bending moment

pressure

cylinder average radius

cylinder thickness

shear load

radial deflection

rotation

beam characteristic

Poisson's ratio

stress

due to moment

due to pressure

due to shear

hoop direction
longitudinal direction

shear

104

psi

in.
in.-1b/in.
psi

in.

in.

1b/in.

in.
radians

in.
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